Introduction
Uterine contractility is regulated by the coordination and interaction of myogenic, neurogenic and hormonal control mechanisms. The main external factors that control uterine contractility are the sex steroid hormones, oestrogen and progesterone, and also oxytocin and prostaglandins. In mares, uterine contractility is of key importance in uterine clearance after mating (Troedsson et al., 1993) . Mares susceptible to endometritis induced by persistent mating may have impaired uterine contractile activity (Troedsson et al., 1993; Nikolakopoulos and Watson, 1997 ) and defects in innervation or nerve function may contribute to this condition. However, there have been no detailed studies on innervation of the equine uterus.
Previous studies on innervation of the mammalian female reproductive tract have demonstrated that it is well supplied by the autonomic nervous system, with adrenergic nerve fibres predominating (Thorbert et al., 1977; Alm and Lundberg, 1988; Mitchell and Ahmed, 1992) . Tyrosine hydroxylase (TH) and dopamine β-hydroxylase (DβH) are catecholamine-synthesizing enzymes and their presence has been used to demonstrate the adrenergic contribution to uterine innervation (Alm and Lundberg, 1988; Wrobel and Kujat, 1993) . In contrast to other organs, uterine adrenergic innervation is affected by ovarian steroid hormones during the oestrous cycle and pregnancy (Marshall, 1981; Zoubina et al., 1998) . Adrenergic innervation is important in the neuronal control of uterine blood flow, myometrial contractility, and endometrial secretory function (Heinrich et al., 1986) and exerts biological effects consistent with a regulatory function in female reproduction (Taneike et al., 1991) .
In addition to adrenergic and cholinergic nerves, the mammalian reproductive tract is also supplied by peptidergic nerves containing a variety of neuropeptides. These peptidergic nerves vary in type and density among species (Huang et al., 1984; Heinrich et al., 1986) . Various neuropeptides are present or coexist in nerve fibres of the female reproductive tract, and these nerves are thought to be involved in the control of reproductive organs. Neuropeptide Y (NPY), vasoactive intestinal polypeptide (VIP), calcitonin gene-related peptide (CGRP), and substance P (SP) are thought to play important roles in the control of myometrial contractility (Mukai et al., 1991) and uterine blood flow (Ekesbo et al., 1991) . As these nerves are particularly abundant in the lower genital tract, they may also play a role in regulation of uterine activity during pregnancy and parturition (Majewski et al., 1995; Houdeau et al., 1997) .
In the present study adrenergic innervation of the uteri of genitally normal mares was investigated using the catecholamine enzymatic markers TH and DβH. The distribution of nerve fibres immunoreactive for the peptide neurotransmitters NPY, CGRP, VIP and SP was also investigated.
Little is known about neurogenic regulation of uterine contractility in mares. The present study investigated the distribution of adrenergic and peptidergic nerves in the mare uterus. Samples from the uterine horn, body and cervix were collected from 18 cyclic mares for immunohistochemistry. The uterus was well supplied with adrenergic nerves. A large number of tyrosine hydroxylase-and dopamine β-hydroxylase-immunoreactive nerve bundles and fibres were present in the myometrium and endometrium in all regions of the uterus and cervix. These adrenergic nerve bundles and fibres travelled parallel to the muscle layers and were often associated with blood vessels. The density of peptidergic nerves was less than that of adrenergic nerves, but the pattern of distribution was similar. Neuropeptide Yimmunoreactive nerve fibres were the most abundant, whereas vasoactive intestinal polypeptide-and calcitonin gene-related peptide-immunoreactive nerve fibres were less frequently seen. Substance P-immunoreactive nerve fibres were the most sparse. Peptidergic nerves were distributed among the smooth muscle layers and near endometrial glands and were often associated with blood vessels in all regions of the uterus. The density of peptidergic nerve fibres was similar in the uterine horn and body but was slightly denser in the cervix. These findings indicate that uterine innervation may have an important role in controlling reproductive functions in mares.
Materials and Methods

Animals
Uterine tissue samples were collected from 18 cyclic mares (aged between 3 and 16 years and weighing 390-520 kg) killed for reasons other than reproductive problems. The stage of the ovarian cycle was established by determining peripheral blood progesterone concentrations as well as by the presence or absence of a corpus luteum in the ovaries, the presence of a follicle > 30 mm in diameter and uterine oedema. The reproductive tracts of these mares (seven oestrous mares and 11 dioestrous mares) were removed within 20 min of death and were gently washed and dissected in 0.1 mol PBS l -1 (pH 7.2). Samples were collected from the uterine horn (n = 4), body (n = 4) and cervix (n = 4) from each mare. Samples were then fixed immediately in 4% (w/v) paraformaldehyde (pH 7.2) for 14-16 h at 4ЊC. Samples were transferred into 0.1 mol PBS l -1 (pH 7.2) containing 30% (v/v) sucrose and stored in this solution for at least 24 h at 4ЊC, with four changes of buffer. Tissues were snap frozen in OCT compound (Miles Inc., Elkhart, IN) in an isopentane-dry-ice slurry and then stored at -70ЊC before sectioning.
Immunohistochemical procedure
Cryostat sections 12-15 µm in thickness were cut and mounted on slides coated with Bio-Bond (British BioCell International, Cardiff). Sections were air-dried for 60-90 min at room temperature, rinsed in 0.01 mol PBS l -1 (pH 7.2) for 10 min and blocked with 3% H 2 O 2 in methanol for 30 min to reduce non-specific binding. Slides were then preincubated with 1% goat antiserum in 0.01 mol PBS l -1 for 1 h. The excess serum was blotted and the sections were incubated with primary antibody at the appropriate dilution overnight at 4ЊC before washing three times in 0.01 mol PBS l -1 . Primary antisera were raised in rabbits, and were used at the following dilutions in PBS: TH, 1:6000 (Affiniti Research Products, Exeter); DβH, 1:4000 (Affiniti Research Products); NPY, 1:4000 (Affiniti Research Products); VIP, 1:4000 (Peninsula Laboratories Europe, St Helens); CGRP, 1:4000 (Peninsula Laboratories Europe); and SP, 1:6000 (Peninsula Laboratories Europe). The sections were incubated with the second antibody (goat anti-rabbit) in PBS containing 1% normal goat serum for 2 h at room temperature. The sections were washed thoroughly three times in PBS, then incubated with the avidin-biotin complex (Vector Laboratories, Cambridge) for a further 30 min and rinsed in PBS. Chromagens (3-amino-9-ethylcarbazole (AEC), red reaction product; or 3,3'-diaminobenzidine (DAB), brown reaction product; Vector Laboratories) were added as the final substrate, and were incubated at room temperature in the dark for 10-15 min. Each slide was then rinsed carefully with distilled water. Slides were mounted and examined by light microscopy.
The specificity of the primary antisera was tested as follows: (a) sections were incubated with antibody that had been preabsorbed with its synthetic antigen (10 µg of antigen per ml diluted antiserum) in our laboratory (Corcoran, 1996) ; (b) the primary antibody was omitted from the incubation; or (c) normal rabbit serum was substituted for the primary antibody. Positive controls comprised equine jejunum and feline uterus incubated with each of the primary antibodies.
The sections were examined histologically under the ϫ 40 objective of a microscope, and localization and distribution of the immunoreactive nerves were classified depending on the density of staining assessed by subjective observation, and graded semiquantitatively as: -, not found; Ϯ, very few; +, a very small number of fibres; ++, a small number of fibres; +++, a moderate number of fibres; ++++, a large number of fibres; and +++++, a very large number of fibres.
Results
All results are based on tissue material from 18 cyclic mares (seven oestrous mares and 11 dioestrous mares) ( Table 1) . At least two sections were examined from each histological block (n = 8 sections per site for each mare). A large number of adrenergic nerves immunoreactive for the catecholaminesynthesizing enzymes TH and DβH were present in all regions of the uterus. Adrenergic nerves were present at a greater density than were peptidergic nerves. There was no difference in the density or distribution of innervation between oestrous and dioestrous mares (data not shown) with subjective observation and so sections from all mares were included in one group, irrespective of stage of the cycle.
Distribution of adrenergic nerves (TH and DβH)
Nerves immunoreactive (IR) for TH and DβH were found throughout all regions of the uterus. Numerous TH-IR nerve bundles and fibres (Fig. 1a) were found in the uterine horn, body and the cervix. In the muscle layers, nerve fibres containing TH-IR often travelled parallel to the muscle fibres. Nerve fibres immunoreactive for TH were distributed along the vessels (Fig. 1b) extending from the longitudinal to the circular smooth muscle layers of the myometrium. The density of immunoreactivity for TH was greater in the myometrium than in the endometrium. Some nerve fibres entered the endometrium close to endometrial glands (Fig.  1c) . Nerves immunoreactive for DβH were also present in all regions of the uterus. An intense network of nerve bundles and fibres containing DβH-IR was found in the uterine horn (Fig. 2a) , body and the cervix (Fig. 2b) . Nerves containing DβH were present in both myometrium (Fig. 2c) and endometrium, and were often located close to blood vessels (Fig. 2b) . The density and distribution for DβH was similar to that for TH.
Distribution of peptidergic nerves (NPY, VIP, CGRP and SP)
Moderate numbers of nerve fibres containing NPY-IR were found in all regions of the uterus. Nerve fibres containing NPY were present in both the circular and longitudinal muscle layers travelling in parallel to the long axis of the smooth muscle layers (Fig. 3a) and often associated with blood vessels forming vessel-surrounding plexiform networks (Fig. 3b) . The density of NPY was greater in the myometrium than in the endometrium (Table  1) . Nerve fibres containing NPY-IR were seen in the endometrium beneath the luminal epithelium, near endometrial glands (Fig. 3c) and submucosa. Nerve cell bodies immunoreactive for NPY were also observed.
The distribution of nerve fibres containing VIP-IR was similar to that of nerve fibres containing NPY-IR but there were fewer of them. A small number of scattered nerve fibres containing VIP-IR were seen in the interstitial connective tissue and along the smooth muscle layers (Fig.  4a) occasionally associated with blood vessels. In the endometrium, nerve fibres containing VIP-IR were seen around the endometrial glands (Fig. 4b) . The numbers of nerves containing VIP-IR were similar in the uterine horn and body, but were higher in the cervix (Table 1) .
Nerve fibres containing CGRP-IR were less numerous than nerves containing NPY, but were present in similar density to nerve fibres containing VIP. A small number of scattered nerve fibres containing CGRP were seen in the interstitial connective tissue and along smooth muscle layers (Fig. 5a ) occasionally associated with blood vessels. Thick bundles of nerve fibres containing CGRP-IR were found in the cervix, travelling parallel to smooth muscle bundles (Fig. 5b ). There were more nerve fibres containing CGRP-IR in the cervix than in other parts of uterus.
A few nerve fibres containing SP-IR were found only in the cervix. Nerve fibres containing SP-IR travelled parallel to the long axis of the smooth muscle bundles, close to blood vessels (Fig. 6) .
Negative control sections (omission or preabsorption of primary antibody) failed to demonstrate any positive staining (Fig. 7) and positive controls showed strong immunoreactivity.
Discussion
This report is the first description of the distribution of adrenergic and peptidergic nerves in different regions of equine uterus. The present results provide immunohistochemical evidence for an abundant adrenergic innervation, as well as the presence of peptidergic innervation containing the neuropeptides, NPY, VIP, CGRP and SP, in the uterus of mares.
Previous studies have reported that the mammalian female reproductive tract receives several types of nerve fibres (Renegar and Rexroad, 1990; Melo and Machado, 1993) , including the classical autonomic nervous system (sympathetic and parasympathetic), and peptidergic nerves containing various neuropeptides. Although the relative densities of different classes of nerve fibre vary among different reproductive organs and among species, their distribution patterns tend to be similar. In most species, the reproductive tract has rich adrenergic innervation associated with blood vessels. These nerves are composed of long postganglionic nerve fibres, the cell bodies of which are in the lumbar and mesenteric ganglia and short postganglionic nerve fibres originating in the pelvic ganglia (Sjöberg, 1967) . These 'short' adrenergic nerves are believed to innervate predominantly the smooth muscle of the reproductive organs and they differ from the long nerve fibres anatomically. The most interesting feature of these short adrenergic nerves is the regulation of transmitter (noradrenaline) metabolism in these nerve fibres by ovarian steroid hormones (Owman and Sjöberg, 1973; Marshall, 1981) . In cyclic animals, the changes in uterine innervation vary among species. Melo and Machado (1993) and Wrobel and Kujat (1993) reported that the density and distribution of the nerve fibres was nearly the same during oestrus as in dioestrus in cows, whereas in rats, Zoubina et al. (1998) reported that a 278 S-E. Bae et al. reduction in the numbers of nerves occurred during oestrus and was followed by subsequent restoration of innervation.
In the present study in mares, stage of cycle did not appear to influence uterine or cervical innervation. In the present study, TH-and DβH-IR nerves had a similar distribution and both enzymatic markers were probably demonstrating the presence of noradrenaline. As in other species, intense adrenergic innervation was present in the smooth muscle layers often associated with blood vessels, and in the endometrium. In the myometrium, abundant thick nerve bundles were located with smooth muscle bundles and, in the endometrium, adrenergic nerve fibres were found in endometrial glands and near endometrial vessels, but nerve bundles were seen only rarely. These adrenergic nerve fibres associated with blood vessels, endometrial glands and myometrial smooth muscle probably function in the regulation of uterine blood flow, endometrial secretion and uterine contractility (Marshall, 1981; Renegar and Rexroad, 1990) . The distribution of the peptidergic nerves in the equine uterus was similar to that reported in guinea-pigs (Alm and Lundberg, 1988; Mitchell and Ahmed, 1992) , rats (Serghini et al., 1998) , sows (Taneike et al., 1991; Majewski et al., 1995) and women (Blank et al., 1986; Jørgensen, 1994) . Of the neuropeptides, NPY-IR nerve fibres were particularly numerous in the equine uterus. NPY-IR nerves appeared to have fewer nerve fibre bundles than did the adrenergic nerves, but their pattern of distribution was similar to that of adrenergic innervation. These findings indicate that most NPY-IR nerve fibres in the equine genital tract co-exist with TH-/DβH-IR nerves as documented in other species (Alm and Lundberg, 1988; Mitchell and Ahmed, 1992) , but this needs to be confirmed by double-immunostaining. Previous quantitative studies have shown that NPY concentrations are greater in the cervix than in the uterine body of rats (Serghini et al., 1998) and women (Blank et al., 1986; Jørgensen, 1994) . However, in guinea-pigs, concentrations were greater in the uterine body (Huang et al., 1984) . In contrast, an immunohistochemical study showed that abundant NPY-IR nerves were present in all regions in the guinea-pig genital tract (Alm and Lundberg, 1988) . In the present study in mares, the density and distribution of NPY-IR nerve fibres were similar in the uterine horn, body and the cervix.
A small number of fine nerve fibres containing VIP-IR and CGRP-IR were found in the equine uterus and the density of these nerve fibres was greater in the cervical region. In the myometrium, nerve fibres containing VIP and CGRP were found in the smooth muscle layers often associated with blood vessels, and nerve fibre bundles were found only rarely. In the endometrium, nerve fibres containing VIP and CGRP were found near endometrial glands. These findings are in agreement with reports in other species (Heinrich et al., 1986; Ottensen and Fahrenkrug, 1995) , although there are differences in the density of distribution of the neuropeptides reported among species. In cats (Alm et al., 1986) , mice (Huang et al., 1984) and women (Blank et al., 1986) , nerve fibres containing VIP-IR are abundant in the uterus, whereas guinea-pigs have only a small number (Heinrich et al., 1986; Alm and Lundberg, 1988) . In contrast, the density of CGRP is similar in all species. The small number of nerve fibres containing CGRP found in the female reproductive tract has been reported to be slightly denser in the cervix than in the uterine horn and body in sows (Lakomy et al., 1994) .
Substance P is the least frequently reported neuropeptide transmitter in the female reproductive tract (Huang et al., 1984; Majewski et al., 1995) and was found only rarely in the uteri of women or guinea-pigs (Heinrich et al., 1986; Mitchell and Ahmed, 1992) . In the present study in mares, SP-immunoreactive fibres were present in the cervix only.
Many roles have been suggested for these neuropeptides in the female reproductive tract. The density of the peptidergic nerves is less than that of adrenergic nerves, but it is clear that neuropeptides have a role in controlling female reproductive function. NPY is known to coexist with noradrenaline in most sympathetic vasoconstrictor nerve fibres (Lundberg et al., 1990; Morris, 1990 ) and seems to have important biological functions in the regulation of vascular tone and myometrial contractility (Stjernquist and Owman, 1987; Atke et al., 1996) . The presence of nerves containing VIP in the female reproductive tract, as well as the dose-dependent inhibitory effect of VIP on its smooth muscle activity, indicates that VIP plays a role in the local control of smooth muscle (Helm et al., 1981; Ottensen et al., 1983) . VIP is a potent dilator of the uterine artery (Morris and Murphy, 1988) . SP is known to produce an increase in 280 S-E. Bae et al. myometrial blood flow and to stimulate both mechanical and myoelectrical activity (Ottensen et al., 1983) . CGRP and SP are present and coexist in some uterine afferent nerves and influence uterine contractility: SP has a contractile effect and CGRP has a relaxing effect (Shew et al., 1991) . The present results showed peptidergic nerve fibres coursing beneath the luminal epithelium and endometrial glands in the endometrium, in agreement with previous observations (Mitchell and Ahmed, 1992) and indicating a role for neurogenic mechanisms in the regulation of mucous secretion and endometrial secretion in the equine reproductive tract, as in other species (Blank et al., 1986; Jørgensen, 1994; Atke et al., 1996) . The presence and location of adrenergic and peptidergic innervation in the equine uterus and cervix indicate an important role for these neuronal factors in the regulation of uterine motility, endometrial secretion and blood flow. The fact that the adrenergic and peptidergic nerves are located predominantly in the myometrium indicates that neurogenic factors have an important role in controlling uterine contractility. The high density of innervation in the cervix indicates a role in regulating cervical closure in dioestrus and during pregnancy, and in relaxation of the cervix at oestrus and during parturition in mares. However, the exact functions of specific nerve fibres in the female reproductive tract remain unclear. Further studies are required to clarify their precise physiological role in the regulatory mechanisms of the equine reproductive tract. 
